1. Introduction
===============

Avian influenza viruses (AIVs) are members of the Orthomyxoviridae family, *Influenzavirus A* genus. Their genomes comprise eight segments of single-stranded negative-sense RNA that give rise to 11 known virus proteins. These include three internal membrane proteins, the hemagglutinin (HA), neuraminidase (NA), and matrix-2 protein; four polymerase-associated proteins, the NP, PA, PB1, and PB2 proteins; the matrix-1 protein and two non-structural proteins, NS1 and NS2 proteins. The HA protein is initially expressed as an inactive precursor HA0, which must undergo post-translational cleavage to generate the HA1 and HA2 subunits. To date, sixteen different HA (HA1 to HA16) and nine NA (NA1 to NA9) subtypes have been identified, giving rise to an array of different viruses with different HA and NA combinations that have been isolated from a variety of avian species ([@bib70]). New subtypes are continuously being reported, for example, the new H16N3 subtype was recently detected in black headed gulls in Sweden ([@bib20]) and another new H5N7 subtype from Danish mallard ducks ([@bib6]).

In the past 10 years, outbreaks of AIV infections in wild and domestic birds, as well as in other non-avian species, have been the focal point of heightened surveillance and research (see review by [@bib8]). In most AIV surveillance programs, particular emphasis has been placed on H5 and H7 subtypes since these subtypes have shown to be capable of undergoing mutation from low pathogenic avian influenza (LPAI) to high pathogenic avian influenza (HPAI). For example, outbreaks caused by HPAI H7 isolates were reported in Italy ([@bib7]), Chile ([@bib59]), Canada ([@bib46]), British Columbia ([@bib29]) and in Netherlands ([@bib19]). Emergence of HPAI from the LPAI H5N2 subtype in domesticated poultry was reported in North America ([@bib4], [@bib33]), and next in Mexico ([@bib31], [@bib37]) and Europe ([@bib16]). Although LPAI H5N2 have been reported in poultry in several Asian countries ([@bib12], [@bib44]), there has been no reported cases of the emergence of HPAI H5N2 in South-East Asia.

Since 2005, the molecular criterion defining the pathogenicity of an AIV has been formally classified by the World Organisation for Animal Health (OIE) ([@bib69]). This classification is based on the amino acid (aa) sequence of the cleavage site of the HA precursor protein, with the presence of multiple basic residues defining a particular AIV as HPAI. It is believed that LPAI H5 and H7 viruses are the ancestral viruses for HPAI isolates in poultry, but the mechanism for the emergence from LPAI to HPAI is currently unclear. It was reported that HPAI arose by the introduction of LPAI from wild birds into poultry ([@bib23], [@bib47]). Other reports described the presence of mutations taking place gradually in LPAI which has been circulating in poultry for some time, before the virus finally emerges as HPAI ([@bib31], [@bib37]). In the case of the LPAI strain Chicken/Pennsylvannia/1/83 isolated during the Pennsylvania outbreak in 1983, the conversion from LPAI to HPAI was attributed to the cleavability of the HA protein, which was influenced by the loss of an N-linked glycosylation site located near the vicinity of the HA cleavage site ([@bib32], [@bib66], [@bib15]). For the Chilean ([@bib59]) and Canadian H7N3 HPAI ([@bib46]), the authors hypothesized that the emergence to HPAI may be due to the recombination of the HA gene with its internal genes ([@bib47], [@bib3]).

Between 1993 and 2007 four H5 influenza viruses were isolated from live broiler ducks imported into Singapore. Preliminary results from both the antigenic and partial sequence analyses of the HA and NA genes identified three of these as H5N2 subtypes, and one as the subtype H5N3. In addition, molecular analysis of the aa sequence of the HA cleavage site suggested that these were LPAI isolates, as defined by OIE criterion. In response to the recent reports that virus virulence is not solely related to the structure of the HA cleavage site ([@bib32], [@bib66], [@bib15], [@bib47], [@bib3]), we performed complete molecular characterization of all the eight genes for these four LPAI isolates. The objective was to detect the presence of known signatures that are associated with virulence and that could serve as predictors for the potential conversion of these viruses to HPAI. The sequence analyses in this study suggest that the four virus isolates contained mainly avian virulence signatures. However, the phylogenetic tree for the internal genes suggests the possibility of further reassortment with other different avian subtypes. This is the first comprehensive report on the genetic characterization of LPAI H5 subtypes isolated in South-East Asia.

2. Materials and methods {#sec1}
========================

2.1. Viruses
------------

The four virus isolates, named as A/duck/Singapore/F119/3/97 (isolated in 1997), A/duck/Malaysia/F59-04/98 (isolated in 1998), A/duck/Malaysia/F118/08/04 (isolated in 2004) and A/duck/Malaysia/F189/07/04 (isolated in 2004), were obtained from the Agri-Food and Veterinary Authority of Singapore (AVA). For this manuscript, the names of the isolates have been shortened and designated as F119, F59, F118 and F189, respectively. These viruses were isolated as part of the routine surveillance for AIVs in avian species imported from Malaysia, by direct inoculation of cloacal or tracheal swabs into 9--11-day special pathogen-free embryonated eggs. Viral isolates detected were sent to Weybridge, United Kingdom, for confirmation by subtyping with specific antisera to HA and NA.

2.2. RNA extraction and sequencing of the influenza virus genes
---------------------------------------------------------------

Viral RNAs (vRNAs) were extracted from infected allantoic fluid of embryonated chicken eggs, using the RNeasy mini kit (Qiagen Inc., Valencia, CA, USA). Reverse transcription (RT) of the vRNA was performed with SuperScript First-Strand Synthesis System for RT-PCR (Invitrogen Corporation, CA, USA) according to manufacturer\'s instructions, using the Uni12 primer (5′ AGCRAAAGCAGG 3′) as described in [@bib30]. Each of the eight gene segments was PCR-amplified with 5 μl of the cDNA and 0.5 μM of gene-specific primers ([@bib30]) with the Expand Long Template PCR system (Roche Diagnostics, Mannheim, Germany), according to manufacturer\'s instructions. PCR reactions were subjected to an initial denaturation at 95 °C for 2 min and 30 cycles consisting of 94 °C for 15 s, 50 °C for 30 s, and 72 °C for 2 min. The final extension step was extended to 7 min at 72 °C. The HA and NA PCR-amplified fragments were purified using QIAquick Gel Extraction Kit (Qiagen Inc., Valencia, CA, USA), cloned into vectors pCR2.1-TOPO or pCR4-TOPO (Invitrogen Corporation, CA, USA) and sequenced with M13 reverse and forward primers. The remaining PCR-amplified PB1, PB2, PA, NP, M, and NS1 fragments were directly sequenced with gene-specific primers. The partial sequence information obtained from sequencing the 5′ and 3′ ends of these gene fragments were used to design new primers (Primer Select, DNASTAR, Lasergene Version 7) for sequencing the internal regions. All primers were synthesized by Proligo Singapore, and the details of primer sequences are shown in [Table 1](#tbl1){ref-type="table"} . Sequencing was performed with the ABI Prism BigDye (Applied Biosystems, USA) in the presence of 1 μM of each respective sequencing primer. Each region of the PCR product and plasmids were sequenced at least twice.Table 1Details of primer sequences used for PCR-amplifications and sequencing of the AIV genes.Primer namesGene targets/virus subtypesSequence 5′ to 3′ReferencesPrimers for PCR amplification of the full-length gene fragments Ba-PB2-1FPB2/allTATTGGTCTCAGGGAGCGAAAGCAGGTC[@bib30] Ba-PB2-2341RATATGGTCTCGTATTAGTAGAAACAAGGTCGTTT Bm-PB-1FPB1/allTATTCGTCTCAGGGAGCGAAAGCAGGCA Bm-PB1-2341RATATCGTCTCGTATTAGTAGAAACAAGGCATTT Bm-PA-1FPA/allTATTCGTCTCAGGGAGCGAAAGCAGGTAC Bm-PA-2233RATATCGTCTCGTATTAGTAGAAACAAGGTACTT Bm-HA-1FHA/allTATTCGTCTCAGGGAGCAAAAGCAGGGG Bm-NS-890RATATCGTCTCGTATTAGTAGAAACAAGGGTGTTTT Bm-NP-1FNP/allTATTCGTCTCAGGGAGCAAAAGCAGGGTA Bm-NP1565RATATCGTCTCGTATTAGTAGAAACAAGGGTATTTTT Ba-NA-1FNA/N1 and N2TATTGGTCTCAGGGAGCAAAAGCAGGAGT Ba-NA-1413RATATGGTCTCGTATTAGTAGAAACAAGGAGTTTTTT Bm-N3-1FNA/N3TATTCGTCTCAGGGAGCAAAAGCAGGTGC Bm-N3-1420RATATCGTCTCGTATTAGTAGAAACAAGGTGCTTTTT Bm-M-1M/allTATTCGTCTCAGGGAGCGAAAGCAGGTAG Bm-M-1027RATACGTCTCGTATTAGTAGAAACAAGGTAGTTTTT Bm-NS1NS/allTATTCGTCTCAGGGAGCGAAAGCAGGGTG Bm-NS-890RATATCGTCTCGTATTAGTAGAAACAAGGGTGTTTT  Primers for sequencing H5N2_PB2_225FPB2/H5N2TCCCTGAAAGGAATGAGCAAGGCIn-house H5N2-PB2-1020RGAGCTGATTCTTAGACCCATTG H5N2_PB2_1370FGGGGAATTGAACCCATCGACAA H5N2-PB2-1480RCTCTCTCAGTACTGGAATATTCATC H5N2-PB2-1800RTTGGCCTCGGGCAGCCTTAG H5N2-PB1-580FPB1/H5N2GGAGAGTAAGGGACAACATGACC H5N2-PB1-1850RGTCTACCCTGGTAATCTTCATCC N3-PB1-740RPB1/H5N2 and 3CATTCCAGGTGTTGCAATTGCCC N3-PB1-1550RATCCCAGATACTCCGAAGCTGGG H5N2-PA-475FPA/H5N2ACCGGAGAGGAAATGGCCACC H5N2-PA-1800RGGACTCAGCTTCAATCATGCTCTC N3-PA-620RPA/H5N2 and 3TCTCTTCGCCTCTCTCGGACTGA N3-PA-1280RCCGTCAATTCGCATGCCTTGTTG   HA5-896FHA/H5ACTCCAATGGGGGCGATAAAC[@bib50] FluN2-779FNA/N2GGAAATCGTTCATATTAGCCCATTG   N3_internalFNA/H5N3AGATATGTGTTGCTTGGTCAAGTIn-house H5N2-NP-320FNP/H5N2CTGGAGGTCCAATTTACCGAAGG[^1]

2.3. Sequence and phylogenetic analyses
---------------------------------------

Sequence information was compiled using Seqman (DNASTAR, Lasergene Version 7) and the sequences were deposited into GenBank. The accession numbers are as follows: [DQ122147](ncbi-n:DQ122147), [DQ104701](ncbi-n:DQ104701)--[DQ104703](ncbi-n:DQ104703), [DQ092869](ncbi-n:DQ092869)--[DQ092870](ncbi-n:DQ092870), [EU249545](ncbi-n:EU249545)--[EU249550](ncbi-n:EU249550), and [EU271936](ncbi-n:EU271936)--[EU271953](ncbi-n:EU271953). Nucleotide and translated amino acid (aa) sequences for each gene segment were compared between the four virus isolates and other published sequences from GenBank (<http://www.ncbi.nlm.nih.gov/genomes/FLU/FLU.html>) with Megalign (DNASTAR, Lasergene Version 7) using the Clustal W algorithm. Percent (%) sequence homology was calculated for each of the full-length gene. Phylogenetic tree was constructed using the neighbour-joining method at the nt level, with bootstrap analysis performed on 1000 replicates. Phylogenetic trees were viewed with TreeExplorer (v2.12, <http://evolgen.biol.metro-u.ac.jp/TE/TE_man.html>).

2.4. 3D modelling
-----------------

Alignment of the aa sequences was performed using MUSCLE ([@bib18]). Three-dimensional (3D) model of the F118-HA protein was generated by Modeller ([@bib52]), using the coordinates from the crystal structures acquired from the H3N2 isolate A/Aichi/2/1968 \[Protein Data Bank (PDB) entry [1HA0](pdb:1HA0)\] and H5N3 isolate A/Duck/Singapore/3/97 (PDB entry [1JSM](pdb:1JSM)) as the templates. The sequence identity between the HA1 subunit of F118 and A/Aichi/2/1968, and that between F118 and A/Duck/Singapore/3/97 are 44% and 94%, respectively. The models are visualized using PyMOL ([http://www.pymol.or](http://www.pymol.org/)).

3. Results
==========

3.1. Surveillance on AIV in Singapore
-------------------------------------

The Agri-Food and Veterinary Authority (AVA) conducts a routine national surveillance program for the detection of AIVs in live poultry imported into Singapore. Although between 1993 and 2007 a total of 50 LPAI viruses of different subtypes were isolated in Singapore, no HPAI viruses have been isolated (Lin, 2007; unpublished results). These LPAI viruses were isolated from a variety of free-living and captive birds, and domestic poultry, confirming the findings from previous reports which described the presence of AIV infections in a wide range of avian hosts ([@bib28], [@bib1], [@bib2], [@bib8]).

In this study we have examined four of these isolates in more detail, which included three H5N2 isolates (F118, F119 and F189) and one H5N3 isolate (F59). In the case of F118 and F189 isolates, these AIVs were isolated during the heightened surveillance for the AIV subtype H5N1 in year 2004. Both isolates tested positive for preliminary H5 antigen testing, using the Directigen™ Flu A test kit (Diagnostics Systems, Becton, Dickinson and Company, USA). PCR testings and DNA sequencing on partial HA and NA genes ([@bib71], [@bib30], [@bib58]) identified both virus isolates to be of the same subtype, H5N2 (results not shown). These results were verified using antigenic neutralization assays from Weybridge, United Kingdom. We next proceeded on to perform complete sequence analysis for both the structural and internal genes for the two isolates. In order to track the genetic changes over time, we also sequenced the complete genomes of two other LPAIVs, F119 (isolated in 1997) and F59 (isolated in 1998), isolated from poultry imported from the same geographical region, in this case Malaysia.

3.2. Sequence and phylogenetic analyses of the HA genes
-------------------------------------------------------

The classification of an AIV as being either LPAI or HPAI is defined by the sequence of the HA cleavage site ([@bib69]). Therefore, the full-length HA genes for each of the four viral isolates were analysed, and compared with each other and that of other published AIV sequences. We observed that both the F118 and F189 showed a high degree of sequence identity (at both the nt and aa levels) with an Italian H5N3 strain ([Table 2](#tbl2){ref-type="table"} ). Both F119 and F59 were more closely related to a Japanese subtype H5N3 (at the nt level), and to the Netherland subtype H5N2 (at the aa level) ([Table 2](#tbl2){ref-type="table"}). The structure of the HA cleavage site in virulent H5N2 subtypes contains approximately four basic amino acid residues, for example the RRRK and RKRK motifs represented by strains A/chicken/Italy/312/1997 and A/chicken/Queretaro/14588-19/1995. The structure of the HA cleavage site in all four isolates was RETR ([Fig. 1](#fig1){ref-type="fig"} ), which is a motif observed in several LPAI isolates, which was consistent with all four viruses being LPAI H5 subtypes.Table 2Nucleotide and translated amino acid comparisons with the most similar isolats from Genbank.Avian genesDuck/Malaysia/F118/08/04 H5N2, Duck/Malaysia/F189/08/04 H5N2Duck/Malaysia/F59-04/98 H5N2Duck/Singapore/F119/3/97 H5N3IsolateMax identityIsolateMax identityIsolateMax identityPB2Mallard/Gurjev/244/1982 H14 (Duck/Hokkaido/Vac-3/2007 H5N1)93% (98%)Chicken/Iran/11T/1999 H9N2 (Duck/HK/147/1977 H9N6)95% (98%)Turkey/Italy/4169/1999 H7N1 (Duck/Nanchang/1904/1992 H7N1)96% (99%)PB1Duck/Nanchang/4-165/2000 H4N6 (Environment/Delaware/232/2005 H11N8)95% (98%)Duck/Nanchang/1941/1993 H4N4 (Mallard/Postdam/178-4/83 H2N2)96% (98%)Duck/Nanchang/1941/1993 H4N4 (Pintail/Ohio/73/1989 H6N2)96% (98%)PASwan/Hokkaido/51/1996 H5N3 (Turkey/Italy/4169/1999 H7N1)96% (99%)Wild duck/Shantou/19988/2000 H4N9 (Mallard/Netherlands/12/2000 H7N3)96% (99%)Wild duck/Shantou/19988/2000 H4N9 (Duck/Denmark/65047/04 H5N2)97% (99%)HAMallard/Italy/208/2000 H5N3 (Mallard/Italy/208/2000 H5N3)94% (96%)Swan/Hokkaido/51/1996 H5N3 (Mallard/Netherlands/3/99 H5N2)96% (97%)Swan/Hokkaido/51/96 H5N3 (Mallard/Netherlands/3/99 H5N2)98% (98%)NPMallard/Xuyi/8/2004 H11N (Duck/Nanchang/1904/1992 H7N1)96% (99%)Poultry/Italy/373/1997 H5N2, Poultry/Italy/330/1997 H5N2, Chicken/Italy/312/1997 H5N2 (Duck/Hong Kong/3461/99 H6N1)95% (97%)Duck/Singapore/645/97 H5N3 (Duck/England/1/1956 H11N6)99% (99%)NADuck/Mongolia/54/2001 H5N2 (Duck/Eastern China/848/2003 H3N2)97% (97%)Duck/Nanchang/1749/1992 H11N2 (Duck/Denmark/65047/04 H5N2)94% (96%)Mallard/Italy/208/2000 H5N3 (Mallard/Italy/208/00 H5N3)95% (96%)MDuck/Jiang Xi/6146/2003 H5N3 (M1: Chicken/Korea/S6/2003 H3N2) (M2: A/swan/Guangxi/307/2004 H5N1)97% (100%) (100%)Duck/Hokkaido/95/2001 H2N2 (M1: Duck/Germany/113/95 H9N2) (M2: Chicken/Singapore/98 H5N2)97% (100%) (100%)Duck/Hokkaido/120/2001 H6N2 (M1: Duck/Germany/113/95 H9N2) (M2: Chicken/Singapore/1997 H5N3)98% (100%) (100%)NSDuck/Taiwan/WB459/2004 H6N5 (NS1: Duck/NY/14933/95 H6N8) (NS2: duck/Hong Kong/278/1978 H2N9)96% (96%) (96%)Duck/Hong Kong/610/79 H9N2 (NS1: Duck/NY/14933/95 H6N8) (NS2: Chicken/Korea/LPM88/2006 H3N2)96% (98%) (100%)Duck/Hong Kong/610/79 H9N2 (NS1: Duck/NY/14933/95 H6N8) (NS2: Herring gull/DE/677/1988 H2N8)97% (98%) (100%)[^2]Fig. 1(A) Comparison of the HA cleavage site of various low and high pathogenic H5 influenza A viruses. The four low pathogenic AIV isolates that we have sequenced in this study are highlighted in bold and various HPAI H5N2 are highlighted in italics. (B) Phylogenetic trees of the full-length HA genes based on nt sequence alignment. The four LPAI H5 isolates F118, F189, F59 and F119 are boxed, while high pathogenic influenza isolates are highlighted in grey. (C) Overall structure of F118 monomer. The 3D models of F118 (H5) and 1HA0 (H3) were superimposed. Gold, F118; Green, 1HA0. The potential glycosylation sites postulated for F118 are shown in sticks and highlighted for regions 1--5, representing amino acids located at position 26 (NNST), 39 (NVT), 181 (NNT), 302 (NSS), and 496 (NGT) on the F118 HA model. Region 5 is overlapping with, and covered by aa residues from 1HA0. Amino acid located at 555 is not shown as the region has not been crystallized for the template we chose for the modelling. Regions 1--4 are found in the HA1, and region 5, in the HA2. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.)

Phylogenetic analysis of the full-length HA genes from the new LPAI were performed to examine the evolutionary relationship with several H5 AIV isolates. As shown in [Fig. 1](#fig1){ref-type="fig"}B, the phylogenetic tree of the HA gene is distinctly split into Eurasian and American lineages, and was consistent with previous reports ([@bib35], [@bib37], [@bib44], [@bib48]). All the new isolates characterized in this study were grouped under the Eurasian lineage, which comprises both LPAI and HPAI H5N2 isolates from Europe and other Asian countries, and other H5 subtypes (e.g. H5N9 and H5N7). The American lineage on the other hand, comprises the contemporary LPAI/HPAI H5N2 and H5N3 subtypes from countries in America. The F119 and F59 clustered with the Swan/Hokkaido H5N3 subtypes and other H5 subtypes from Europe, whereas the isolates F189 and F118 grouped by themselves. Our findings suggest that there is an active exchange of avian genes among the different geographical areas of the Eurasian region occurs, which is consistent with recent observations ([@bib17]).

3.3. Potential glycosylation sites for HA
-----------------------------------------

The glycosylation pattern on influenza viral HA protein has been shown to have three biological functions (reviewed by [@bib51]), which include the maintenance and stability of the protein structure for virus assembly ([@bib68]), recognition of antigens ([@bib67]) and to protect the antigenic epitopes on the globular head against proteolytic degradation ([@bib42]). The potential glycosylation sites in the HA proteins of the newly isolated AIVs were identified at six location, namely N26, N39, N181, N302, N496 and N555. We noted that these six sites were different from the contemporary Mexican ([@bib23]) and American H5N2 viruses ([@bib35]), and that the potential glycosylation site at N26 in the new AIVs was in close proximity to the HA cleavage site. In the H5N2 strain Chicken/Pennsylvannia/1/83, isolated in the Pennsylvania outbreak in 1983, virulence was contributed by the presence of site-specific glycosylation near the HA cleavage site, with additional influence from its internal genes ([@bib32], [@bib66], [@bib15]). Molecular modelling was next employed to investigate the possibility of steric hindrance offered by the potential glycosylation at N26 for the new AIVs. Structural models of the HA protein were generated using the coordinates from the H3N2 isolate A/Aichi/2/1968 and the H5N3 isolate A/Duck/Singapore/3/97 as templates ([Fig. 1](#fig1){ref-type="fig"}C). The H3N2 isolate A/Aichi/2/1968 was the only high resolution HA protein structure with an intact cleavage site, that is, at the precursor HA0 ([@bib10]), while the H5N3 isolate A/Duck/Singapore/3/97 was the first available crystal structure for the H5 subtype ([@bib25]). Due to the similarity of the HA protein model for all four AIVs examined, only the structural model for the F118-HA protein was shown ([Fig. 1](#fig1){ref-type="fig"}C). We observed that the potential glycosylation sites at N26 was the nearest thus far to the HA cleavage loop ([Fig. 1](#fig1){ref-type="fig"}C (inset ii)). This analysis suggests that position N26 is too remote to offer any steric influence for proteolytic processing of the HA cleavage site. Many HPAI isolates possess an additional glycosylation site on the globular head of the HA ([@bib5]). For example, the presence of glycosylation at N158 for the chicken isolate of H5N1 decreased the binding affinity of the virus to soluble sialyglycoproteins in *in vitro* ([@bib40]). The potential glycosylation at position N181 of the HA protein model for the new AIVs (indicated by the sphere) is within the proximity of the receptor binding region ([Fig. 1](#fig1){ref-type="fig"}C (inset i)). This suggests that the glycosylation may possibly assert some influence on the virus binding. However, this possibility needs to be confirmed experimentally as both the Italian LPAI and HPAI H5N2s contained a potential glycosylation site at N165, which is located on the HA globular heads ([@bib16]).

3.4. Sequence and phylogenetic analyses of the NA2 and NA3 genes
----------------------------------------------------------------

The full-length NA gene sequences from the new AIVs were next analysed, and a close examination of the aa sequence revealed that all four isolates did not contain the stalk deletion that was reported to be associated with some of the H5N2 HPAI American isolates in chickens (data not shown). In virulent H5N1 isolates, this feature was reported to be associated with virus adaptation to the chicken host ([@bib40], [@bib39]). The absence of the stalk region is consistent with the isolation of the new H5 viruses from ducks. The phylogenetic analyses further showed that the H5N2 isolates F118 and F189 clustered with an assortment of N2 subtypes isolated from ducks, subtypes H6N2 and H3N2 from Eastern China and subtype H5N2 from Mongolia ([Fig. 2](#fig2){ref-type="fig"}A). The F59 isolated about more than 8 years ago, surprisingly clustered with a chicken and swine H9N2 from Korea. The F119 clustered with an assortment of N3 subtypes such as the H9N3 from Ireland, H2N3 from Potsdam, and H7N3 from Pakistan; all isolated in the pre-2000 years (1980s to the 1998s) ([Fig. 2](#fig2){ref-type="fig"}B). The results from this analysis confirmed that the LPAIs studied were of the subtype H5N2 (F118, F189 and F119) and H5N3, respectively (F59).Fig. 2(A) Comparison of the neuraminidase of various N2 subtypes. A typical 20 aa deletion is observed in the stalk region for chicken isolates, although the A/chicken/Texas/298313/04 (H5N2) isolate has a distinct 13 aa deletion slightly upstream from the rest. (B) Phylogenetic trees of the full-length NA genes based on nt sequence alignment. The four LPAI H5 isolates F118, F189, F59 and F119 are boxed while high pathogenic influenza isolates are highlighted in grey.

3.5. Sequence and phylogenetic analyses of the internal genes
-------------------------------------------------------------

It was reported that the proteins encoded by the internal genes can also play a significant role in AIV pathogenicity. For example, the increased virulence in the H7N3 HPAI outbreak in 2004 in Canada was attributed to the insertion of seven amino acid sequence from the M gene to the HA cleavage site ([@bib29]). It is therefore important to sequence the internal genes of AIV isolates to identify mutations or recombinations that may have implications for virus transmission and pathogenicity. The full-length sequences of the six segments that give rise to the internal virus proteins were compared with various AIV subtypes from different geographical origins. The sequence analyses showed that the sequence of these segments were closely related to the corresponding segments from a variety of AIV subtypes isolated from different avian hosts, including mallards and ducks ([Table 2](#tbl2){ref-type="table"}). The PB2 gene showed the lowest nt sequence identity (93%) whereas the M gene had the highest nt sequence identity (97--98%). The aa sequence identity was 100% for the M1 and M2, and NS2 proteins with assorted Genbank isolates, suggesting that the two genes faced the least evolutionary constraints. The five aa deletion at positions 80--84 of the NS1 protein reported in several HPAI H5N1 isolates since 2001 ([@bib65]), was not observed in any of the NS1 genes for F118, F189, F59 and F 119, nor any of the contemporary H5N2/3 subtypes (results not shown).

To examine the evolutionary relationship with existing AIVs we performed phylogenetic analysis for each of the genes that encode the internal proteins with that in selected LPAI and HPAI AIVs ([Fig. 3](#fig3){ref-type="fig"} ). Most of the genes in the four AIVs in this study did not cluster with any of the Eurasian H5N2 or H5N3 viruses. For PB2, PB1, PA and NS1 genes, the AIVs clustered into two groups, the F118 and F189 in one group, and the F59 and F119 in a second group ([Fig. 3](#fig3){ref-type="fig"}A and B). The PB2 genes for the F118 and F189 clustered with one HPAI H5N2 and one LPAI H5N2 from Mexico (isolated before the use of H5N2 vaccine). This PB2 gene cluster contained European H7 subtypes, including one H9N2 from Germany, and one HPAI H5N1 from China. Interestingly, the PB1 gene clustered with more HPAI H5N1, which was mainly avian in origin although there was at least one swine H5N1 from China ([Fig. 3](#fig3){ref-type="fig"}B). The tree for the PA gene showed that the two AIVs again fall into two sub-groups, similar to that observed for the PB2 and PB1 genes, but in this case they clustered away from all the H5N2 and H5N3, including the Mexican H5N2s ([Fig. 3](#fig3){ref-type="fig"}C). The PA genes for the new AIVs clustered with Chinese H5N1 isolates, including those of swine and avian origin, and other subtypes. The NP gene for F59 clustered closely with both swine and chicken H9N2 isolated from China and a chicken H5N1 from China ([Fig. 3](#fig3){ref-type="fig"}D), although, the NP genes from F118, F189, and F119 were closely clustered ([Fig. 3](#fig3){ref-type="fig"}D). The Italian HPAI H5N2 viruses were also found in this cluster. The M and NS1 genes for H5N2 F118 and H5N2 F189 clustered with an assortment of subtypes from Eurasia isolated after 2000 ([Fig. 3](#fig3){ref-type="fig"}E and F). Our phylogenetic findings suggest that the internal genes for the AIVs isolated in South-East Asia in this study share a common ancestry with avian viruses of different subtypes and from different geographical locations. The data further confirmed what was reported previously ([@bib17]), that there is a dynamic and continuous reassortment of different gene pools within the Eurasia region.Fig. 3Phylogenetic trees of full-length genes for (A) PB2, (B) PB1, (C) PA, (D) NP, (E) M, and (F) (NS), based on their nt sequence alignment. The four LPAI H5 isolates F118, F189, F59 and F119 are boxed while high pathogenic influenza isolates are highlighted in grey.

3.6. Analysis of virus signatures
---------------------------------

Past pandemic viruses of 1957 (H2N2) and 1968 (H3N2) were believed to have arisen by reassorted viruses of human and avian origin ([@bib53], [@bib34]). In the case of the 1918 pandemic virus, sequence and phylogenetic analyses suggested that the virus adapted entirely from an ancestral avian virus ([@bib64]). These evidences suggest that tracking new isolates for specific signatures at the genetic level may be a way to predict circulating viruses that have pandemic potential. In this study, the predicted aa sequences of all the virus proteins were analysed for known viral signature sequences that have been described previously ([@bib45], [@bib24], [@bib55], [@bib64], [@bib11]). As shown in [Table 3](#tbl3){ref-type="table"} , the presence of several avian signature sequences was detected in all the AIV isolates. However, one novel mutation (N/S/T)375D was found in the PB1 proteins of F118 and F189, while another novel mutation L107Q was present in the NS2 protein of the F189 isolate. In the case of F59 and F119 isolates, one novel mutation V100I was observed in their PA protein, with an additional mutation R31G in the NP gene for F59. These novel mutations have not been previously associated with either human-, swine- or equine-hosts. We next examined the isolates for the presence of human-associated signature. Although these were absent in the F118 and F189 isolates, we observed two human-associated mutations, T121A for the M1 gene and L55F for the M2 gene, in F59 and F119. The F119 isolate has two additional human-associated mutations, A674T in PB2 and S20N in the M2 gene. A survey of the published literature did not yield any information on the significance of these four human-associated signatures. Although not associated with any known virulence, the M gene was examined for the presence of amantadine resistance. The anti-viral drug amantadine inhibits influenza A virus replication by blocking the ion channel activity of the M2 protein ([@bib49]). Our analysis revealed that the M2 protein sequence in F118, F189, F59 and F119-M2 proteins did not contain mutations that are associated with drug resistance ([@bib27], [@bib61]) ([Table 3](#tbl3){ref-type="table"}).Table 3Host-associated aa signatures.ProteinPositionAvianHumanF118F189F59F119ReferencesPB244ASAAAA[@bib55], [@bib64] and [@bib11]81TMTTTT199ASAAAA271TATTTT475LMLLLL567DNDDDD588AIAAAA613VTVVVV627EKEEEE661ATAAAA674ATAATA702KRKKKK 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4. Discussion
=============

During the epidemic with the severe acute respiratory syndrome (SARS), Singapore was able to rally her resources rapidly and contain the disease within 3 months ([@bib62]). The lessons from the SARS crisis clearly highlighted the potential for human carriers to bring new and emerging pathogens into Singapore. Singapore is a busy global trading city and has not been spared from the presence of infectious diseases in the past. For example, the 1918 influenza pandemic resulted in an estimation of 3500 deaths ([@bib38]). Currently the mortality rate caused by the seasonal influenza infection has been estimated to be at 588 per year ([@bib14]). The introduction of new human influenza virus subtypes into Singapore will result in a large number of people being at risk from the infection. An active surveillance is urgently required to build up the influenza sequence database in the healthcare sector. This should help to mitigate the risk of a potential pandemic by active monitoring of genetic changes in influenza strains circulating in the human population.

The importation of food products is another potential route through which foreign pathogens can enter Singapore. Singapore imports much of the food products from neighbouring countries, including live animals for slaughter. The introduction of foreign zoonotic pathogens with a disease potential would potentially have serious consequences in a small densely populated country like Singapore. Therefore a routine surveillance program on different forms of imported food products has been implemented by the Agri-Food and Veterinary Authority of Singapore (<http://www.ava.gov.sg/Legislation/ListOfLegislation/>). In the year 2004, two AIVs of the subtype H5N2 were isolated from live poultry imported from Malaysia and molecular typing confirmed that the newly isolated AIVs (F118 and F189) were LPAI. The cleavage site in the HA0 protein contained the aa sequence observed in other LPAI H5N2 viruses. As the acquisition of virulence, inter-species transmission and pathogenicity is a polygenic process, we therefore examined the full genome sequence of the new AIVs. The whole genomes from two other AIVs, F59 and F119, isolated from the same geographical area were also investigated together. At the genetic level, the sequence analyses and phylogenetic trees showed that for the internal genes, the four AIVs clustered with an assortment of avian subtypes, away from the contemporary H5N2 and H5N3 viruses, but sharing an avian ancestry ([Fig. 3](#fig3){ref-type="fig"}). Vaccination has been used in the control of AIV in several countries, and the appearance of several H5N2 sublineages has been observed in countries where vaccination with the H5N2 strain is widely practiced ([@bib36], [@bib17]). This is in contrast to the successful vaccination strategy practiced in Italy, where a bivalent H5/H7 with different NA protein was implemented as a prophylactic vaccine ([@bib9]). Currently vaccination has not been practiced in Malaysian poultry farms (Lim, 2008; unpublished observations), suggesting that the four AIVs could have arisen from spontaneous reassortments with different circulating avian or swine virus subtypes. Further genetic analysis with available influenza sequence data acquired from the surveillance of different hosts from the same geographical area may thus provide answers to the exact ancestral origin of these and other circulating AIVs. Another interesting finding from the phylogenetic trees indicates that the new AIVs tend to cluster with an assortment of AIV subtypes from China. Wild birds have been identified as a reservoir to harbour both LPAI and HPAI of H5N2 viruses, suggesting a possible role for migratory birds in the dissemination of viruses from North-East to South-East Asia, although this possibility requires further examination. For example, a recent evidence for HPAI H5N2 infection in healthy wild waterfowl, suggesting for the first time that the LPAI H5N2 maybe converted to HPAI and subsequently maintained in healthy feral avian species ([@bib22]).

The NS1 protein has been associated with virus virulence ([@bib41]), and the NS1 proteins for the four AIVs were examined. The NS1 protein has multiple functions, and one of the functions is to act as an antagonist for the host interferon defence system in various ways (see review by [@bib26]). A recent large-scale sequence analysis for the AIV-NS1 identified a PDZ domain ligand (PL) at the C-terminus of the avian NS1 protein ([@bib43]). PDZ domains have been identified to play important roles in influencing various cellular signalling pathways ([@bib56]). Human viruses with avian PL motifs have been found to be highly pathogenic, while viruses with human PL motifs caused low pathogenic infections in humans ([@bib43]), suggesting that these PL motifs are associated with virus virulence. As expected, the F118, F189, F59 and F119 NS1 proteins contained a PL sequence motif of ESEV between aa residues at positions 227--230, which is characteristic of avian viruses. At this point, it is unlikely that these AIVs will recombine with a human virus as the current sequence analysis has suggested the presence of avian signatures only. Another association with virulence in the NS1 protein is the presence of glutamic acid at position 92, and this is observed in most HPAI H5N1. A detailed study by Seo and colleagues using site-directed mutagenesis and reverse genetics demonstrated that the presence of E92 increased the resistance of AIV to the anti-viral effects of interferon ([@bib54]). For example, during the HPAI H5N1 replication in human host, the AIV is believed to induce cytokine imbalance hence increasing the severity of the infection ([@bib13]). However, such an aa association with LPAI has not been made and in the current AIVs studied aspartate was present.

Another internal protein that has been associated with virulence and host tropism is the PB2 protein ([@bib41], [@bib21], [@bib63]), a subunit of the viral RNA polymerase. Reports have described that the substitution from E627 to K627 has been associated with increased viral replication in mammalian species ([@bib60]). K627 is present in most HPAI H5N1, and Shinya and colleagues were able to use reverse genetics to demonstrate the increased viral replication in murine model ([@bib57]). K627 is also observed to be present in the fatal human isolate H7N7 2003 ([@bib19]). However, K627 is not observed in any of the non-H5N1 isolates, nor the local isolates described in this study. We observed one human signature, A674T, in the F119-PB2. So far, there are no published reports associating this substitution with specific biological activities ([@bib55], [@bib64], [@bib11]).

5. Conclusions
==============

In this study, we have developed molecular strategies to rapidly characterise the HA cleavage site sequence, as well as all genes encoding the structural and internal proteins of avian influenza A virus. Our results specifically identified the three AIVs, F189, F118, and F59, as LPAI subtype H5N2, and F119 as LPAI subtype H5N3. Past reports indicate that it may be difficult to predict when a LPAI may convert to a HPAI, thus far all four AIVs showed no unique signatures that may suggest a possible mutation to HPAI. The sequence and phylogenetic data collected in this study will be useful in the epidemiological studies of the dynamics and evolution of circulating avian influenza viruses, in particular in this region of South-East Asia. A continuous surveillance with the full genome characterization of newly circulating AIVs should be strongly encouraged, especially when current evidence suggests that in addition to the structure of the HA cleavage site, genetic changes in virus genes encoding other virus proteins may play a role in AIV virulence in humans.
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[^1]: Nt position for each primer designed in-house is relative to the gene target from H5N2 subtype (A/duck/Malaysia/F118/08/04) or H5N3 subtype (A/duck/Singapore/F119/3/97), and the accession numbers are described in Section [2](#sec1){ref-type="sec"}. F denotes primer in the forward or positive strand, and R denotes primer in the reverse or negative strand of each gene.

[^2]: The percent maximum identities at the aa level are indicated within brackets.

[^3]: Residues that are novel are bold and highlighted in grey; residues that are associated with human host are boxed.
